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Aircraft braking forces have increased in the past and will continue to increase in the future. This has resulted in instances of shear
related distress in asphalt runway surfaces. The shear stresses transferred from braking tyres to the pavement surface can initiate failures
of poorly bonded interfaces. Shear creep deformation within the mix can also occur. Octahedral shear stress (OSS) has been recom-
mended as an indicator of asphalt distress. OSS is unaﬀected by the geometry of loading and reference coordinate system. In this
research, the peak surface forces in three dimensions were calculated. Stresses through the surface layer were then calculated using
mePADS/GAMES software. The calculated stresses in the surface layer were compared under various braking conditions. The OSS
was used as the primary basis for these comparisons.
The maximum calculated OSS induced by a heavy braking truck was only 53% of that for the aircraft during only moderate braking.
Contrary to expectation, the peak shear stress under the leading edge of the tyre did not increase signiﬁcantly with increased aircraft
braking eﬀort. Analysis of the shear stress distributions, however, identiﬁed a signiﬁcant change with increased braking eﬀort. For
non-braking aircraft, a zone of near-zero shear stress was found under the central portion of the tyre. As the horizontal surface force
increased, this became a zone of near-constant shear stress. Observed diﬀerences in ﬁeld performance of nominally identical asphalt
in landing/braking zones of an airport were not explained by the peak OSS values calculated. It was, however, concluded that the
near-steady shear state under a passing tyre during aircraft braking could explain diﬀerent asphalt responses in the ﬁeld. This conclusion
was consistent with the observed nature of such failures, which are creep related, rather than the result of conventional slip circle shear. It
was suggested that the presence of shear related failures only in the braking area would be indicative of shear creep deformation within
the mix rather than delamination at the surface interface.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Asphalt is a common surfacing for airport pavements
around the world. Most airport asphalt mixtures are
designed using Marshall’s methods and the principles
developed by the US Army Corps of Engineers in the
1950s [1]. Since that time, rheological properties and per-http://dx.doi.org/10.1016/j.ijprt.2016.02.002
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Engineering.formance of bitumen binders used in asphalt production
have changed [2–4]. Aircraft have become more demand-
ing, with higher wheel loads operating on increased tyre
pressures [5–6]. This trend to higher aircraft tyre pressures
is not expected to abate in the near future. At the same
time, the pressure to minimise runway occupancy times
during landing operations has led to increased use of rapid
exit taxiways [7]. As a result, aircraft braking forces have
increased and will continue to increase in the future.
The increase in braking forces during aircraft landing
operations has resulted in an increase in shear relatedhosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
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described as horizontal cyclic shear deformation [8–9].
The failures result from cumulative shear creep in the
upper 100 mm of pavement where shear stresses are high
[10]. Delamination or de-bonding of asphalt surfaces from
the underlying pavement has also been reported more fre-
quently, despite improvements in tack coat materials and
interface construction techniques [11]. The shear stresses
transferred from braking tyres to the pavement surface
and through the surface layer can initiate such failures at
poorly bonded interfaces.
A number of investigations into the impact of increased
tyre pressures have been driven by aircraft manufacturers.
A Boeing funded study performed by the FAA concluded
that full scale test results were insensitive to tyre pressure
because the dominant failure mode was asphalt rutting
[5]. It went further to state that the pavements would be
unaﬀected by increased tyre pressure as long as the asphalt
remained stable. The failures described as asphalt rutting
were likely to be slip circle shear failures. The practical abil-
ity to manufacture stable asphalt mixes under these
increased tyre pressures was not considered. Despite the
study conclusions, it actually demonstrated how higher
tyre pressures are pushing the limits of the current airport
asphalt speciﬁcations. It was not surprising that an increase
in tyre pressure aﬀected the asphalt surface but had no sig-
niﬁcant impact on the lower layers and the subgrade.
Current pavement design methods calculate pavement
life based on subgrade rutting and bound material fatigue.
Progress made in modelling pavement structures provides
the ability to incorporate other failure modes into analysis
tools and to more accurately model the tyre-pavement
interaction. Such advances, however, remain in the domain
of researchers and are currently beyond inclusion in practi-
cal design tools [12]. Therefore, shear related asphalt fail-
ures will not be identiﬁed during pavement design, as this
failure mode is not considered in current design methods.
As part of a broader investigation into horizontal shear
creep deformation of new asphalt surfaces at a major air-
port in Australia, it was observed that the failures occurred
in one runway but not the other. The two runways were
surfaced in the same year with two diﬀerent asphalt mix-
tures. It was also observed that for the aﬀected runway,
failures occurred in the landing/braking zone of one land-
ing direction but not the other. This prompted a speciﬁc
assessment of the comparative shear forces experienced in
the various braking zones of the pavement system. The
aim of this paper was to investigate these relative shear
stresses at critical locations within the asphalt surface and
to determine whether diﬀerential shear stresses may explain
the diﬀerence in asphalt performance in the various brak-
ing zones.
Typical aircraft operations are outlined as critical inputs
to the modelling process. The surface stress calculations
and stress analysis results are compared for the various
braking zones of the pavement system at critical locations
around the tyre footprint. Comparison is also made tohighway pavement shear stresses. Conclusions address the
importance of aircraft induced shear stresses on the diﬀer-
ential asphalt performance observed in the ﬁeld.
2. Aircraft pavement stress modelling
During aircraft ground manoeuvering, takeoﬀ and land-
ing operations, forces are transferred between the aircraft
tyre and the pavement surface [13]. Shear stresses in the
upper 100 mm of ﬂexible pavements have been shown by
various researchers to be important to pavement perfor-
mance. Su et al. [14] noted that shear stresses are a critical
loading for pavement performance. Computer-based anal-
ysis tools are commonly used for calculating stresses in
pavements. The tools used by researchers vary signiﬁcantly
in their capabilities and diﬀerent stress modes are adopted
as the basis for comparison of critical conditions.
2.1. Modelling tools
Both Layered Elastic (LE) and Finite Element (FE)
methods have been used to calculate stresses and strains
in pavements and their surfaces. Discrete element methods
have been less commonly adopted. FE models are less
accurate for calculating stresses at interfaces and disconti-
nuities between elements, whereas LE tools lose accuracy
at the load boundaries and at the pavement surface [15].
FE methods allow more precise modelling of tyre tread
patterns, contact load shapes and interface conditions.
Many studies have shown these factors can signiﬁcantly
inﬂuence the stress distribution and peak stress imparted
on the surface of the pavement [12,15–18]. However,
Horak et al. [19] suggested that circular contact areas of
uniform stress distribution were a reasonable simpliﬁcation
for many applications. Various computer based tools are
available to perform the numerical calculations using LE
or FE techniques. The most commonly reported tools
include ANSYS, ABAQUS, BISAR and mePADS/
GAMES.
The FE tool ANSYS was used to model 3D tyre and
pavement surface interactions by [14]. Hu & Walubita
[20] also used ANSYS in a 3D surface stress model.
Pasindu et al. [21] utilised ADINA in a similar work while
De Beer et al. [16] adopted NASTRAN. Tran et al. [22] uti-
lised the 3D model BISAR to evaluate the eﬀect of inter-
face condition on pavement response and distress.
Hachiya & Sato [23] used BISAR to estimate the magni-
tude of stresses at the interface between the surface layer
and underlying asphalt layer.
ABAQUS has been more widely used in these applica-
tions. Buonsanti & Leonardi [24] performed surface layer
stress analysis of aircraft during landing and braking with
a 3D model in ABAQUS. ABAQUS was also used by Ali
Shafabakhsh & Akbari [25] for modelling of aircraft loads
on concrete pavements. Wang et al. [26] and Al-Qadi &
Wang [12] both used ABAQUS in related studies of tyre-
pavement interaction. Hernandez & Al-Qadi [27] furthered
G. White / International Journal of Pavement Research and Technology 9 (2016) 89–101 91this work to compare the response of airport pavements
under various landing gear conﬁgurations. Wang &
Al-Qadi [28] calculated near-surface multiaxial stresses
and compared to asphalt shear strength using a FE model
in ABAQUS. Yoo et al. [18] utilised ABAQUS to investi-
gate the eﬀect of diﬀerent loading regimes on surface and
interface response.
Use of discrete element models in pavement analysis
remains limited but Dai & You [29] compared discrete
and ﬁnite element models for mastic creep with reasonable
agreement. Mohammad et al. [30] used a 2D discrete ele-
ment model in ABAQUS to assess tack coat properties
on interface performance.
Of the LE tools, the GAMES routine within the
mePADS software developed by Maina & Matsui [31]
has been used in a number of applications. LE tools are less
commonly used in surface layer modelling due to inaccura-
cies at the surface and at the edge of the loaded area [15].
However, the GAMES routine was speciﬁcally developed
to provide more accurate modelling of stresses and strains
near the surface. Comparison with results published in the
Advanced Models for Analytical Design of European
Pavement Structures (AMADEUS) report [32] returned
good correlation and conﬁdence in the GAMES-
calculated pavement responses [33]. Maina et al. [15] used
GAMES to compare square and rectangular loads while
Horak et al. [34] modelled the risk of shear slippage deeper
in the pavement. Horak et al. [19] used GAMES to assess
surface layer delamination. VEROAD, a LE based tool,
was used to investigate cracking of asphalt surfaces at
Amsterdam’s Schipol Airport [35]. Walubita & van de
Ven [36] successfully used LE methods to calculate three
dimensional stress states in asphalt layers in order to better
predict cracking and rutting.2.2. Stress and strains
The calculation of stresses and strains in pavement
structures is not a recent development. The use of
computer-based software merely allows the processing
of large numbers of complex calculations to be per-
formed far quicker than any manual method. This has
allowed more complex mathematics, such as those
embedded within LE and FE methods, to be incorpo-
rated into research and design tools.
Current design methods for airport pavements generally
only include the aircraft vertical force applied to the pave-
ment surface uniformly over a circular contact area. It has
been shown that this simpliﬁcation is not realistic
[14,18,26]. De Beer et al. [16] found some stresses to be
up to six times higher when modelling an actual tyre in
comparison to a circular and constant contact pressure
model free of non-vertical forces. Al-Qadi & Wang [12]
determined that the surface shear stress varied from 103%
to 147% of those induced by an equivalent uniform contact
pressure model when tyres are accurately modelled in threedimensions. Longitudinal and transverse horizontal stres-
ses were found to be 12% and 48% respectively, of the
vertical stress under a rolling tyre [18].
The shear stress during a severe braking event can be up
to 68% of the vertical stress [19]. These high shear stresses
are signiﬁcant and can cause surface deformation. The
impact of turning aircraft induced shear stresses at Amster-
dam’s Schipol airport was investigated by Mooren et al.
[35]. It was found that high centrifugal forces and rigidity
of a multi-axle main gear in tight curves could result in sur-
face cracking at elevated surface temperatures. High-speed/
high-radius turns were similarly capable of causing damage
at high temperatures. It was concluded that asphalt cohe-
sion (from a Mohr-Coulomb model) was a key factor in
resisting surface cracking under tyre-induced shear forces.
2.3. Octahedral shear stress
When 3D stress states are taken into account, the coor-
dinate system becomes very complex. The coordinate sys-
tem is rendered arbitrary as the combination of
longitudinal and transverse stresses changes the orientation
of the critical shear stress. For a generally cross-anisotropic
material such as asphalt, the orientation of the shear stress
with maximum magnitude will be the orientation of critical
surface performance. The ability to consider and compare
complex combinations of three dimensional stresses is sim-
pliﬁed by the use of the octahedral shear stress (OSS).
OSS combines the eﬀect of nine stress tensors at a given
point. It represents the eﬀective stress state better than any
other single parameter [37] as it represents the magnitude
of the eﬀective deviatoric stress state. It provides a sound
indicator of pavement response and is very well suited to
3D analysis tools [16,38]. OSS can be calculated as
Eq. (1). When considering the plane across which the shear
stresses are zero, the OSS will be greatest and Eq. (1)
reduces to Eq. (2). This is known as the principal stress
plane. The associated octahedral normal stress (ONS) is
calculated as Eq. (3), which becomes Eq. (4) on the princi-
pal stress plane [22].
sOCT ¼ 1
3
ðrx  ryÞ2 þ ðry  rzÞ2 þ ðrz  rxÞ2 þ ðd2xy þ d2yz þ d2zxÞ
h i1=2
ð1Þ
sOCT ¼ 1
3
ðr1  r2Þ2 þ ðr2  r3Þ2 þ ðr3  r1Þ2
h i1=2
ð2Þ
uOCT ¼
1
3
½rx þ ry þ rz ð3Þ
uOCT ¼
1
3
½r1 þ r2 þ r3 ð4Þ
where
sOCT ¼ octahedral shear stress
uOCT ¼ octahedral normal stress
rxryrz ¼ normal stresses
dxydxydxy ¼ shear stresses
r1r2r3 ¼ major; intermediate and minor principal
stresses
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base course materials [39]. Witczak & Uzan [40] ﬁrst intro-
duced the calculated OSS as an input to stress-dependent
modulus models for granular pavement layers [38]. OSS
has commonly been used in such models and for research
purposes. Uzan [41] used octahedral stresses to calculate
permanent to elastic deformation ratios as a method for
estimating base course rutting. Park & Lytton [42]
explained its advantage as being the ability to represent
aggregate dilation eﬀects under high principal stress ratios,
such as those found directly below vehicle tyres. The USA
Mechanistic-Empirical Pavement Design Guide FE tool
uses OSS in its generalised stress dependent model for
granular material modulus [43].
A number of researchers have also adapted OSS into
asphalt material analysis. De Beer et al. [16] used OSS at
an indicator of critical stress state in thin asphalt surfaces.
The evolution of OSS as the pavement progressed from an
un-cracked to a cracked condition was modelled. Perdomo
& Button [44] used OSS to predict asphalt rutting. OSS has
also been recommended as an indicator of asphalt fatigue
life based on it being unaﬀected by the geometry of loading
and reference coordinate system [38].
A direct shear test of an asphalt mixture can provide the
cohesion (c) and internal angle of friction (/) based on
Mohr–Coulomb failure theory. These parameters can be
combined with the calculated ONS to calculate the octahe-
dral shear strength of the mixture as Eq. (5) [22]. The ONS
represents the OSS value at which the asphalt mixture is
expected to fail in slip circle shear during a single load
event. The ratio between OSS and asphalt shear strength
provides a sound basis for determining the location of crit-
ical shear stress conditions.
sOCT STR ¼ 2
ﬃﬃﬃ
2
p
3 sin/ ½uOCT  sin/þ c cos/ ð5Þ
where: sOCT STR ¼ octahedral shear strength of the asphalt
mixture.2.4. Significance to airport pavements
Unlike vertical stresses, shear stresses do not peak at the
surface. Uzan et al. [45] stated that shear stress peaks at
around the mid-depth of the surface layer. Su et al. [14]
used FE methods to show the shear stress peaking at
around 60 mm below the surface while Wang et al. [46]
modelled aircraft tyre-pavement interaction with FE meth-
ods. Shear stress was found to peak around 20 mm below
the surface. The depth of peak shear stress depends on
the horizontal location being considered, which may
account for these diﬀerences. The depth of peak shear
stress has been shown to be independent of the tyre pres-
sure and wheel load [14,46]. However, OSS has been shown
to peak, relatively uniformly, through a range of depths
based on the wheel conﬁguration. A single tyre had a peakzone of 40–65 mm while the dual tyre peak zone occurred
at 50–70 mm [22].
For airports, typical asphalt surface layers are placed at
between 40 mm and 60 mm in thickness. The interface is
therefore often located in a zone of near-peak shear stress.
Not surprisingly, a number of airports have experienced
interface bond failures. There have been reports of surface
delamination (interface de-bonding) failures at Japanese
airports, predominantly occurring during summer and usu-
ally in the heavy aircraft braking zones Hachiya & Sato
[23]. Tsubokawa et al. [47] reported surface delamination
failures at Nagoya Airport in 2000 and Naha Airport in
2005. Although both failures were reported to occur in
the summer and were assessed as being de-bonding failures,
the root cause was not reported. Signiﬁcant delamination
of the surface on an international airport in southern
Africa was investigated by Horak et al. [34]. It was con-
cluded that wet weather and poor drainage during con-
struction inhibited the adhesion between layers.
A number of instances of horizontal deformation of
asphalt have also occurred in the high shear areas of air-
ports [8–9]. These failures were related to shear creep of
the upper layer of asphalt. The temperature dependent nat-
ure of bitumen increases the risk of such failures at elevated
pavement temperatures when the asphalt is less creep resis-
tant. The highest pavement temperatures are experienced in
the surface layer. The zone of low asphalt shear creep resis-
tance coincides with the zone of peak shear stress.
Shear related asphalt failures have generally only
occurred in the high shear force areas of the airﬁeld. Some
asphalt surfaces that have performed well in taxiways,
aprons and non-braking areas of runways have deformed
signiﬁcantly under aircraft braking. Aircraft tyre generated
shear forces induced by heavy aircraft braking are clearly
signiﬁcant enough to impact on the performance of asphalt
surfaced pavements.
3. Research methods
This work assessed the signiﬁcance of aircraft-induced
shear stresses under diﬀerent braking conditions as a
potential explanation of asphalt shear failures. The various
forces applied to two runway surfaces in various landing
directions were calculated. The stresses at critical locations
and depths were then determined by computer-based mod-
elling. The diﬀerence in shear stress at the critical locations
was compared in light of the surface asphalt performance.
For comparison, shear stresses induced by a heavy braking
truck and a non-braking aircraft were also calculated.
A computer-based modelling tool was selected to
perform the stress calculations. Of the LE tools,
mePADS/GAMES was considered to be the most viable
in terms of near-surface stress modelling. It has been veri-
ﬁed against results generated by AMADEUS and used by a
number of researchers in similar applications. If a more
complex FE method was selected then the readily available
and widely used ABAQUS would be preferred. While more
Table 1
Distance from touch down to RET and gradient of runways.
Landing direction Touch down to
RET (m)
Average runway
gradient (%)
From the North 1120 1.0
From the South 1140 +1.0
From the East 912 0.5
From the West N/A +0.5
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more demanding in terms of inputs and parameters. To
realise the beneﬁts of FE methods, a typical FE tool would
require a bituminous material response model such as a
Prony series [48–49]. This requires ﬁtting a model to actual
asphalt relaxation test results. A rolling tyre sub-model
would also be required. Tyre-pavement interaction mod-
elling is complicated by the diﬃcultly and time required
to measure contact stresses and a reluctance of tyre manu-
facturers to share tyre composition information [12].
The LE-based mePADS/GAMES was selected over
ABAQUS for this research. It was determined that there
was little beneﬁt in using a FE method if similarly simple
inputs are assumed. Further, the research was comparative
in nature. The relative shear stresses were compared under
diﬀerent braking conditions. The absolute accuracy of the
calculated stresses was of less interest. The increased accu-
racy oﬀered by FE methods was therefore not warranted in
light of the increased computational and material property
eﬀort required.
The calculated stresses in the surface layer were com-
pared for various braking conditions. The OSS was used
as the primary basis for the comparisons. Calculated OSS
values were compared at depths of 5, 25 and 45 mm below
the surface to represent the near-surface, mid-layer and
near-interface stresses within the nominal 50 mm surface
layer. Critical locations were selected under the centre of
the tyre, just prior to the leading edge of the tyre and just
in front of the tyre. In addition to the calculated OSS val-
ues, the horizontal shear was also assessed and mePADS/
GAMES generated contour graphs of various calculated
stresses were examined. Inspection of these graphs assisted
in determining the selected critical locations and stress dis-
tributions. Finally the ONS was used to calculate the
asphalt shear strength and associated stress-strength ratios
at various locations to determine the critical shear state.
The surface forces induced by operating aircraft are
variable and subject to the speciﬁc aircraft, airport, opera-
tion and pilot. Most aircraft have automatic braking sys-
tems ﬁtted, with the various levels of braking selected by
the pilot depending on airline policies, wind, and runway
length, slope and surface conditions. The system targets a
pre-selected deceleration rate in terms of m/s2. These can
be over-ridden by the pilot at any time. The frequency of
operations and typical surface forces were determined from
information gathered from experienced pilots and the
airport.Table 2
Aircraft traﬃc distribution by aircraft maximum mass.
Landing direction Narrow body Wide body
>50 tonnes (%) <200 tonnes (%) >200 tonnes (%)
From the North 40 40 39
From the South 30 37 44
From the East 30 23 18
From the West 0 0 04. Aircraft operations
4.1. Airfield geometry and aircraft usage
The airport being investigated has two runways. The
main North–South Runway (NSR) is 3600 m in length
and caters for the majority of the heavy aircraft. The
East–West Runway (EWR) is capable of aircraft opera-tions up to B767 in size. Both runways have generally uni-
form longitudinal gradients.
The NSR is provided with two Rapid Exit Taxiways
(RETs). These are termed RET N (used when landing from
the north) and RET S (used when landing from the south).
The EWR has a similar taxiway termed RET E (for land-
ings from the east). All observed surface distress was
located on the NSR, in the braking zone and approach to
RET N, which is used by aircraft landing from the north.
No distress was observed on the NSR for aircraft landing
from the south and the EWR also remained distress free.
The distances from each touch down zone to the entry of
the associated RET and the average runway gradients are
shown in Table 1. These distances are very comparable.
The distribution of aircraft landing on the various runway
directions is provided in Table 2 for various aircraft sizes.
The distribution of B737 to B767 sized aircraft is similar
for landings from the north, south and east. Landings from
the west are very uncommon for commercial aircraft. Over
50% of the Narrow Body (>50 tonnes) and light Wide
Body (<200 tonnes) aircraft exit at the respective runway
RET. In contrast, only around 20% of the heavy Wide
Body (>200 tonnes) aircraft make RETs N and E (landings
from the north and east) while over 50% make RET S
(landings from the south). Heavy Wide Body (>200 tonnes)
aircraft include A340, A380, B777 and B747.
The traﬃc loads and frequency were similar for the
braking zones associated with the landing and exiting on
the RET for all three regularly used landing runway direc-
tions. The frequency of aircraft type was therefore excluded
as a potentially confounding variable associated with the
diﬀerential asphalt performance.
4.2. Typical operations
The Chief Pilot for Qantas’ Melbourne Airport Base
was interviewed along with the Qantas Technical Pilot
based in Sydney. The interview focused on the aircraft
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aircraft landings at the airport from the north, south and
east. The salient outcomes of the interview are summarised
as follows:
 Aircraft land at 250 km/h regardless of runway
direction or aircraft mass and are limited to 90 km/h
at the commencement of the turn into the RET and
20 km/h to make a 90 turn into a perpendicular
taxiway.
 Aircraft generally land long of the target touch down
point rather than short. For runways with a downward
grade, the tendency to land long will be exacerbated by
the runway falling away from the aircraft.
 All domestic B737 and B767 pilots would aim and be
expected to exit at the respective RET.
 Generally when the wind is coming from the north, the
wind is strong while winds from the south are often
lighter.
 All signiﬁcant aircraft have autobrake systems as well as
airbrakes. Airbrakes become ineﬀective below around
150 km/h. Even at landing speeds, the air brakes con-
tribute only around 10–15% of the total braking eﬀort.
 Autobrake settings target the following aircraft
decelerations
o Autobrake setting 1. 0.9 m/s2.
o Autobrake setting 2. 1.2 m/s2.
o Autobrake setting 3. 2.1 m/s2.
o Autobrake setting 4. 3.0 m/s2.
o Autobrake setting Max. 4.3 m/s2. At around 150 km/h aircraft speed, the portion of
aircraft mass supported by the wings becomes
negligible.
 Autobrake settings are pre-selected prior to landing and
kick-in 1.5 s after touch down. Typical autobrake set-
tings at the airport are:
o Landing from the north. Autobrake setting 3
(2.1 m/s2).
o Landing from the south. Autobrake setting 1
(0.9 m/s2).
o Landing from the east. Autobrake setting 3
(2.1 m/s2). The signiﬁcant diﬀerence between the brake setting for
landings from the north and south is the direction of
the runway slope as well as the typical strength of theTable 3
Critical B767 peak aircraft forces.
Landing direction Location Vertic
From the North Just prior autobrake disengagement 160
Commencement of turn into RET 160
From the South Just prior autobrake disengagement 160
Commencement of turn into RET 160
From the East Just prior autobrake disengagement 160
Commencement of turn into RET 160prevailing winds from each direction and the tendency
to land longer on down sloping runways.
 When landing from the south aircraft speed would be
typically around 20 km/h less when entering the RET
than it would for a landing from the north, despite the
reduced autobrake setting.
 Aircraft would autobrake to around 110–130 km/h at
which time the autobrakes are manually disengaged
and a gentler, largely natural or manual, deceleration
maintained until turning oﬀ onto the RET at around
50 km/h.5. Surface forces
Based on the typical operating parameters derived from
discussions with experienced pilots, the peak surface forces
in three dimensions were calculated. Two critical locations
were considered. The ﬁrst was just prior to the disengage-
ment of the autobrakes when the deceleration was maximal
and the air brakes ineﬀective. The second was at the com-
mencement of the turn into the RET. At this location the
aircraft would be travelling at 50 km/h and experiencing
a centripetal force determined by the radius of the RET
entrance.
The vertical force on a single wheel, the braking force
(as Eq. (6)) and the centripetal force (as Eq. (7)) were cal-
culated. Trigonometry was used to resolve the horizontal
and vertical forces into their parallel and normal (to the
surface) components. The contribution of air brakes was
ignored on the basis that they are ineﬀective at the critical
braking point. Air/wind resistance was also ignored.
Table 3 summarises the calculated forces at the critical
points for landing of a B767 on each runway direction
considered.
Braking force ðkNÞ ¼ mass deceleration=1000 ð6Þ
Centripetal force ðkNÞ¼ ðmassvelocity2Þ=ðradius1000Þ
ð7Þ
where
Mass (kg) = the aircraft mass on a single aircraft wheel.
Deceleration (m/s2) = the rate of aircraft deceleration.
Velocity (m/s) = the aircraft velocity parallel to the
direction of travel.
Radius (m) = the turning radius.al force (kN) Braking force (kN) Centrifugal force (kN)
35 0
0 20
14 0
0 20
34 0
0 20
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mations were adopted for all landing direction:
 Mass equal to the Maximum Landing Mass for the
aircraft.
 Radius of turn for entrance onto the RET equal to
500 m.
 No braking during the turn into the RET.
 No eﬀective lift on the wings at the critical points.
 No eﬀective air-brake contribution at the critical points.
Equivalent calculations for other aircraft showed the
B737-800, which is around half the mass but with half
the number of main gear wheels, imparted very similar
forces to the B767 on the surface. These were the two pri-
mary aircraft using the RETs associated with each of the
runways.
The vertical force did not change across the various crit-
ical locations for each runway direction. The centrifugal
force and the braking forces were of the same order of
magnitude but did not occur simultaneously due to braking
being complete prior to commencing the turn oﬀ the run-
way. The conditions associated with centrifugal forces were
therefore omitted from analysis as this was less severe than
the corresponding braking force. Further, the forces asso-
ciated with landings from the east were very similar to
those associated with landings from the north. The mod-
elled stresses would also be similar under these two condi-
tions. Within the limits of accuracy of the assumptions,
these two conditions were considered to be identical. As
a benchmark, a free-rolling aircraft without braking was
also considered, as was an extreme (brake setting 4) sce-
nario. To tie this work to more commonly reported road
applications, a truck braking heavily on a highway was
modelled based on the following conditions [50–51]:
 5 tonne per single wheel axle.
 850 kPa tyre pressure.
 Deceleration rate of 4 m/s2.
 No turning at the time of heavy braking.
The resulting surface force conditions are presented in
Table 4. Modelled tyre pressures were 1350 kPa and
850 kPa for all aircraft and truck loads respectively.Table 4
Modelled surface forces.
Scenario Vehicle Vertical force
(kN)
Shear force
(kN)
Extreme Braking
Aircraft
B767 160 52
Landing from North B767 160 35
Landing from South B767 160 14
Non Braking Aircraft B767 160 0
Heavy Braking Truck Truck 30 126. Stress modelling
6.1. Pavement structure
In addition to the vehicle conﬁguration and associated
surface forces, the mePADS/GAMES model also required
the pavement structure to be deﬁned. Based on existing
pavement information provided by the airport, the follow-
ing structure was adopted as being indicative of that uti-
lised in the construction of the two runways:
 Asphalt surface layer. 50 mm thick with a modulus of
elasticity (E) of 3500 MPa.
 Asphalt base layers. 100 mm, E = 2500 MPa represent-
ing 2  50 mm layers.
 Fine crushed rock base. 250 mm, E = 300 MPa.
 Fine crushed rock sub-base. 1150 mm, E = 150 MPa.
 Subgrade. CBR 3%, E = 30 MPa.6.2. General stress distribution
The stress distribution was examined from contour
graphs generated by mePADS/GAMES under the various
braking conditions. In mePADS/GAMES, X is the longitu-
dinal direction, Y is the transverse and Z is vertical. The
horizontal force was applied by the tyre in the X direction
to represent braking. For Non Braking Aircraft the shear
stress distribution was symmetrical in both the X and Y
directions. The shear stresses peaked around the perimeter
of the tyre/pavement contact area over a depth range of
30–90 mm. This peak depth is consistent with the ﬁndings
of others [14,22,46]. The peak shear stress was 733 kPa,
which is 54% of the vertical contact stress. This is compa-
rable to values reported by Wang et al. [46].
When horizontal (braking) forces were applied at the
surface, the shear forces at depth increased and the distri-
bution around the tyre shifted towards the leading edge
of the tyre. The peak shear stress calculated at the leading
and trailing edges of the tyre are presented in Table 5 for
the various braking conditions. The maximum stress
for Extreme Aircraft was not substantially greater than
for Non Braking Aircraft. However, for Non Braking Air-
craft there was a signiﬁcant zone of negligible shear stress
under the central portion of the tyre. Fig. 1 demonstratesTable 5
Calculated peak shear stresses.
Scenario Peak shear stress
Leading edge
of tyre (kPa)
Trailing edge
of tyre (kPa)
Extreme Braking Aircraft 879 615
Landing from North 828 651
Landing from South 771 691
Non Braking Aircraft 733 733
Heavy Braking Truck 397 201
(a) (b)
Fig. 1. Shear stress with depth for (a) Non Braking Aircraft and (b) Extreme Braking Aircraft.
(a) (b)
Fig. 2. Shear stress distribution under Extreme Braking Aircraft at (a) 5 mm and (b) 45 mm depth.
Fig. 3. Shear stress distribution under Non Braking Aircraft at (a) 5 mm and (b) 45 mm depth.
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Table 6
Calculated shear and normal stresses.
Location Depth
(mm)
Shear stress
(kPa)
Normal stress
(kPa)
Extreme Braking Aircraft
Centre of tyre 5 408 1348
25 295 1299
45 195 1197
Inside leading edge 5 522 712
25 854 733
45 883 674
In front of leading edge 5 205 8
25 721 312
45 826 430
Landing from North
Centre of tyre 5 275 1348
25 199 1299
45 131 1197
Inside leading edge 5 456 678
25 797 692
45 838 638
In front of leading edge 5 181 9
25 667 284
45 780 400
Landing from South
Centre of tyre 5 110 275
25 79 199
45 52 131
Inside leading edge 5 374 456
25 727 797
45 782 838
In front of leading edge 5 151 181
25 601 667
45 723 780
Non Braking Aircraft
Centre of tyre 5 <1 1347
25 <1 1299
45 <1 1197
Inside leading edge 5 320 609
25 680 605
45 744 564
In front of leading edge 5 131 13
25 557 226
45 685 337
Heavy Braking Truck
Centre of tyre 5 361 848
25 932 811
45 442 723
Inside leading edge 5 394 810
25 475 608
45 421 483
In front of leading edge 5 355 248
25 476 406
45 423 378
Table 7
Calculated OSS and ONS.
Location Depth (mm) OSS (kPa) ONS (kPa)
Extreme Braking Aircraft
Centre of tyre 5 1233 3026
25 714 2249
45 265 1498
Inside leading edge 5 1187 2261
25 956 1628
45 813 1122
In front of leading edge 5 1114 1537
25 967 1353
45 826 1006
Landing from North
Centre of tyre 5 1208 3026
25 691 2249
45 238 1498
Inside leading edge 5 1047 2059
25 874 1506
45 755 1038
In front of leading edge 5 998 1385
25 879 1238
45 760 925
Landing from South
Centre of tyre 5 1190 3026
25 675 2249
45 217 1498
Inside leading edge 5 888 1811
25 779 1354
45 687 935
In front of leading edge 5 868 1198
25 776 1097
45 684 824
Non Braking Aircraft
Centre of tyre 5 1187 3026
25 672 2249
45 212 1498
Inside leading edge 5 795 1645
25 721 1253
45 645 866
In front of leading edge 5 793 1074
25 713 1003
45 636 757
Heavy Braking Truck
Centre of tyre 5 422 1276
25 194 892
45 165 536
Inside leading edge 5 516 1343
25 427 792
45 364 475
In front of leading edge 5 629 972
25 465 689
45 376 439
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shear stress near the surface as the braking force increased.
By comparing Figs. 2 and 3, the stress distribution for
Extreme Braking Aircraft is then demonstrated to
approach that for the Non Braking Aircraft within
45 mm below the surface.6.3. Shear stresses
The shear and normal stresses calculated at the various
critical locations and depths (Table 6) indicated the peak
shear stress under the leading edge of the tyre did not
increase signiﬁcantly with increased braking eﬀort. The
peak shear stress for Landing from South was only 5%
higher than for Non Braking Aircraft. Even for Extreme
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than for Non Braking Aircraft. Greater increases were
expected given the signiﬁcant horizontal force applied dur-
ing braking conditions. The calculated increases were, how-
ever, consistent with the ﬁndings of Wang et al. [46] who
reported a 10% increase in asphalt response during brak-
ing. The OSS and ONS were calculated at each location
using Eqs. (2) and (4) and the mePADS/GAMES calcu-
lated principal stresses (Table 7). The OSS distribution
was generally similar to that for the shear stress. In com-
parison to Non Braking Aircraft, the maximum calculated
OSS values were only 4% and 2% greater during Extreme
Braking Aircraft and Landing from North respectively.
The maximum calculated OSS for Braking from South
was less than 1% greater than for Non Braking Aircraft.
7. Analysis of results
The maximum calculated OSS induced by a heavy brak-
ing truck was only 53% of that for the moderate braking
eﬀort for Landing from South. This would explain why
asphalt mixtures manufactured from the same materials
performed well in road pavements but not on the NSR.
The comparison of aircraft induced OSS focused on Land-
ing from North and Landing from South conditions. It was
expected that the approximate doubling of the horizontal
force at the surface would translate to an approximate dou-
bling of the OSS at depth. This was found not to be the
case. The maximum OSS occurred at the centre of the tyre
in all cases. This was due to the high calculated normal
stress directly under the tyre. For all cases within the
tyre-pavement contact area, the OSS was less than the
ONS, which indicated a high level of conﬁnement. In con-
trast, the ONS/OSS ratio was low in front of the leading
edge of the tyre, where the shear stresses peaked, indicating
a lower level of conﬁnement outside the tyre-pavement
contact area.
At the leading edge of the tyre the maximum OSS for
Landing from North was 1047 kPa (Table 7). This wasFig. 4. Shear stress with depth for (a) Landing18% higher than the corresponding value of 888 kPa for
Landing from South. An 18% increase in OSS at the critical
location did not appear to explain the diﬀerence in perfor-
mance of nominally identical asphalt in the two landing
directions of the same runway. Maximum OSS values
would suggest that the asphalt mixes were not being
stressed signiﬁcantly diﬀerently.
The distribution of the shear stresses was considered fur-
ther. As shown in Table 6 the most signiﬁcant diﬀerence in
the stresses calculated at the various locations were the
shear stresses directly under the centre of the tyre. For
Landing from North (275 kPa) these are more than double
those for Landing from South (110 kPa). For Non Braking
Aircraft these shear stresses were insigniﬁcant (<1 kPa). As
detailed above, increasing braking force resulted in a
reduction in the zone of near-zero shear stress under the
tyre. This transformed the stress state from two short peri-
ods of shear (with a relaxation period in between) to a sin-
gle period of constant shear under a passing tyre. Shear
stress with depth (Fig. 4) for Landing from North and
Landing from South shows the zone of moderate shear
(greater than 280 kPa) associated with Landing from
North.
The asphalt octahedral shear strength was calculated
from Eq. (5) using the calculated ONS at each critical loca-
tion for Landing from South and Landing from North.
Asphalt mixture parameters c (400 kPa) and / (40) were
assumed [28]. The octahedral shear stress-to-strength ratios
were then calculated (Table 8). The results were all below
100%. The critical stress condition, indicated by the highest
stress-to-strength ratio, was consistently at the leading edge
of the tyre. This is the most likely location for the initiation
of shear-related failures.
The observed surface failures were concentrated in the
braking area associated with landings from the north. Fail-
ures were not associated with landings from the east. The
calculated surface forces were very similar for landings
from the east and from the north. The EWR and NSR were
surfaced with diﬀerence asphalt mixtures. Similarity offrom South and (b) Landing from North.
Table 8
Calculated asphalt mixture octahedral shear strength and stress to
strength ratios.
Location Depth
(mm)
Asphalt mixture
shear strength
(kPa)
Octahedral
shear stress/
strength (%)
Extreme Braking Aircraft
Centre of tyre 5 2702 46
25 2103 34
45 1523 17
Inside leading edge 5 2111 56
25 1624 59
45 1233 66
In front of leading edge 5 1553 72
25 1411 69
45 1144 72
Landing from North
Centre of tyre 5 2702 45
25 2103 33
45 1523 16
Inside leading edge 5 1956 54
25 1529 57
45 1168 65
In front of leading edge 5 1436 70
25 1323 66
45 1081 70
Landing from South
Centre of tyre 5 2702 44
25 2103 32
45 1523 14
Inside leading edge 5 1764 50
25 1412 55
45 1089 63
In front of leading edge 5 1292 67
25 1214 64
45 1003 68
Non Braking Aircraft
Centre of tyre 5 2702 44
25 2103 32
45 1523 14
Inside leading edge 5 1636 49
25 1334 54
45 1036 62
In front of leading edge 5 1196 66
25 1141 63
45 952 67
Heavy Braking Truck
Centre of tyre 5 1351 31
25 1056 18
45 781 21
Inside leading edge 5 1404 37
25 978 44
45 734 50
In front of leading edge 5 1118 56
25 899 52
45 706 53
Table 9
Comparison of runway characteristics and performance.
Characteristic For aircraft landing from
North South East
Asphalt mixture A A B
Braking zone distress Yes No No
Non-braking zone distress No No No
Braking force 35 kN 14 kN 34 kN
Braking zone shear stress 828 kPa 771 kPa 820 kPa*
Non-braking shear stress 733 kPa 733 kPa 733 kPa
Braking shear stress duration Long Short Long
Non-braking shear stress duration Short Short Short
Landing from the West not included due to negligible frequency and
absence of RET.
* Estimated. Not actually calculated due to similarity with Landing from
North condition.
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that the diﬀerence in observed shear creep performance of
the EWR and the NSR was not explained by diﬀerences in
shear stress. A diﬀerence between the two asphalt mixture
responses was a more likely explanation for the diﬀerence
in observed ﬁeld performance (Table 9).Further, the calculated peak shear stresses were very
similar for landings from the north and the south. Failures
were only observed in the braking zone associated with
landings from the north. The increased braking forces asso-
ciated with landings from the north created a zone of near-
constant shear under the tyre. This zone did not exist for
landings from the south or for free-rolling braking aircraft.
This zone of near-constant shear explained the presence of
failures only in the braking zone associated with landings
from the north (Table 9).8. Conclusions
The calculated surface forces were consistent with the
diﬀerence in ﬁeld performance observed in the braking
areas of aircraft landing from the north and those landing
from the south. It was expected that the approximate dou-
bling of forces applied at the surface would translate to a
similar doubling of the shear peak stresses in the surface
layer. This was found not to be the case. Regardless of
the braking condition, the maximum shear stress and
OSS values were not signiﬁcantly diﬀerent.
Analysis of the shear stress distributions, however, iden-
tiﬁed a signiﬁcant change with increasing braking eﬀort. As
the horizontal surface force increased, the zone of negligi-
ble shear between the leading and trailing edge of the tyres
reduced and become a zone of near-constant shear stress. It
follows that the duration of shear stress application is more
important than the magnitude of shear stress as a factor
resulting in shear creep of asphalt runway surfaces. The
similarity of maximum OSS and shear stress for all braking
conditions suggested that the asphalt would not fail in slip
circle shear. Rather, it deforms horizontally and parallel to
the runway centreline by the shearing action of the aircraft
tyre.
The shear stresses were found to peak under the leading
edge of a braking tyre. A zone of near-uniform peak shear
was consistently found between 30 and 90 mm below the
surface. Peak shear stress values were in the order of
800 kPa, which is around 60% of the vertical stress at the
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the surface. In all locations, the critical shear condition
existed in front of the leading edge of the tyre based on cal-
culated stress–strength ratios.
The diﬀerence in ﬁeld performance of the nominally
identical asphalt in the north and south braking zones of
the airport was not explained by the peak OSS values cal-
culated. The failures were, however, concluded to have
been caused by the duration of the calculated near-
constant shear stress associated with a passing tyre. This
conclusion was consistent with the observed nature of the
failures, which were creep related and not conventional slip
circle shear failures. Further investigation is required to
determine which element or characteristic of the asphalt
mixture led to this apparent lack of shear creep resistance
for the runway experiencing poor performance.
The calculated shear stresses during braking conditions
approached a magnitude and distribution similar to that
for non-braking aircraft by 45 mm below the surface. This
indicated that there was no signiﬁcant diﬀerence in shear
stress, at the asphalt interface, whether the aircraft was
braking or free-rolling. Delamination resulting from inter-
face bond failure would therefore be expected to occur
equally in braking and non-braking areas of runways. As
a corollary, observation of horizontal deformations located
only in the braking zone of runways would be indicative of
internal asphalt mixture deformation close to the surface.
Only near the surface is there a signiﬁcant diﬀerence
between the shear stresses associated with braking and
non-braking aircraft. Such failures would likely be the
result of an inadequate shear creep resistance in the
asphalt. They would not be the result of delamination,
which would more likely occur over the full traﬃcked area
of the runway.
It must be acknowledged that Australian experience is
that historical surface deformation has occurred mainly
in the braking areas of runways. These failures were gener-
ally found to be associated with delamination and assumed
to have been initiated by inadequate interface bond
strength. Recent surface deformation investigations have
clearly shown the failures to be caused by a lack of cyclic
shear resistance in the asphalt. The mix deformed horizon-
tally from the surface down until the bond was displaced
and broken. It is possible that surface deformation previ-
ously diagnosed as bond-related delamination could in fact
have similarly been the result of inadequate shear creep
resistance within the asphalt mixture.Acknowledgements
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